Mechanical properties of steel, glass, and hybrid fiber reinforced reactive powder Mechanical properties of steel, glass, and hybrid fiber reinforced reactive powder concrete concrete
and shear strength of the RPC mixes were investigated. The results showed that SFR-RPC 24 achieved higher compressive strength, indirect tensile strength and shear strength than NF-RPC, 25
GFR-RPC and HFR-RPC. Although the compressive strengths of GFR-RPC and HFR-RPC were 26 slightly lower than the compressive strength of NF-RPC, the shear strengths of GFR-RPC and 27 HFR-RPC were higher than that of NF-RPC. 28 29 KEYWORDS: Reactive powder concrete, steel fibre, glass fibre, hybrid fibre. 30
Introduction
Reactive powder concrete (RPC) is a special type of high performance concrete (HPC), which was 32 introduced by Richard and Cheyrezy [1] in France in 1995. The dense structure of RPC is formed 33 mainly by cement, silica fume, fine aggregate, water, and superplasticiser with the absence of the 34 coarse aggregate. The RPC possesses superior mechanical and durability properties compared to 35 other types of HPC. Nevertheless, like high strength concrete, RPC is susceptible to brittle failure. 36
One of the methods to increase the ductility of the RPC is the addition of fibres. Steel fibres have 37 long been used for this purpose [2] [3] [4] [5] . depending on the type of the steel fibres. Al-Tikrite and Hadi [9] revealed that the compressive 53 strength of RPC increased by increasing proportion of micro steel fibres from 1% to 4% by volume. 54
However, Al-Tikrite and Hadi [9] also found that increasing proportion of deformed steel fibres 55 from 1% to 4% by volume had a marginal effect on the compressive strength of the RPC [9] . 56
Yunsheng et al.
[3] prepared RPC using 0%, 2%, 3%, and 4% of steel fibres (13 mm long with 57 diameter 0.175 mm) by volume. The results demonstrated that the RPC with 4% of steel fibres by 58 volume achieved higher compressive strength than RPC with 0%, 2% and 3% steel fibres by 59 volume. Ju et al. [12] reported that the RPC mix with 1.5% steel fibres (13 mm long with diameter 60 0.2 mm) by volume achieved higher compressive strength and tensile strength than the RPC mix 61 with 0% and 1% steel fibres (13 mm long with diameter 0.2 mm) by volume. 62
63
Recently, Al-Tikrite and Hadi [9] investigated the influence of micro steel fibres, industrial 64 deformed steel fibres and waste steel fibres on the mechanical properties of RPC. The results 65
showed that micro steel fibre reinforced RPC achieved higher strength than the RPC with industrial 66 and waste steel fibres. Also, the RPC with waste steel fibres achieved higher strength and ductility 67 than non-fibrous reactive powder concrete (NF-RPC) and achieved comparable strength and 68 ductility to the RPC with industrial steel fibres. 69
It was found from an extensive literature review that only a few studies investigated the effect of 71 replacing the steel fibres by the other types of fibres in the RPC, especially to enhance the 72 durability of the RPC in aggressive environments. For instance, Shaheen and Shrive [13] used 73 carbon fibres (3 mm long with a fibre to cement ratio of 0.125 by weight) to produce more durable 74 RPC against freezing and thawing than steel fibre reinforced RPC (SFR-RPC Glass fibres were produced by NEG, Japan [23] . In this study, FR-RPC was prepared by adding 113 (GFR-RPC), and hybrid-fibre reinforced reactive powder concrete (HFR-RPC) were prepared by 124 adding 1.5% steel fibres, 1.5% glass fibres and 1.5% hybrid fibres (0.9% of steel fibre plus 0.6% 125 of glass fibre) by volume, respectively. The combination of 0.9% steel fibre and 0.6% glass fibre 126 was used, based on a preliminary study by the authors. The proportion of fibres (1.5%) was 127 selected based on the experimental study in Ju et al. [12] . A small amount of the superplasticiser 128 and water were added to SFR-RPC, GFR-RPC and HFR-RPC mixes in order to keep the 129 workability close to the workability of the reference mix (NF-RPC). The water content and 130 superplasticiser dosage for the FR-RPC mixes was 163.7 kg/m3 and 52.8 l/m3, respectively. 131
132
The RPC batches were mixed using a vertical pan mixer at 15 revolutions per minute. The pan 133 mixer was charged with the dry materials. The mixer was operated for about 5 minutes to maintain 134 uniformity of the dry materials. Afterwards, water mixed with superplasticiser was added 135 gradually. First, about two-thirds of the fluid (water mixed with superplasticiser) was added and 136 mixed for about four minutes then the rest of the fluid was added. The average total mixing time 137
for the NF-RPC mix was about 18 minutes. The addition of the fibres was the last step in the 138 mixing process. The fibres were added to the mix by using a 16 mm sieve fixed on the mixer mesh 139 cover during the mixing operation. No balling was observed during the addition and mixing of 140 both steel and glass fibres. In total, the average mixing time was about 23 minutes for the FR-RPC. 141
Workability of NF-RPC and FR-RPC mixes was examined by applying flow Three specimens each were tested to determine the properties investigated in this study. Two 158 different standard cylinder specimens were used: 100 mm × 200 mm cylinder specimens for the 159 compressive strength test and 150 mm × 300 mm cylinder specimens for the modulus of elasticity 160 and the splitting tensile strength tests. Also, 100 mm × 100 mm × 500 mm prism specimens were 161 used for the shear strength test. All tests were carried out at 28 days except the compressive 162 strength test of the NF-RPC which was carried out at 7, 28 and 56 days to determine the gain in 163 the compressive strength. 164 165
Test method of compressive strength 166
The compressive strength of all the specimens was determined according to AS 1012. 9-2014 [26] . machine with a capacity of 1800 kN was used to perform the indirect tensile strength test (Fig. 4) . 190
Splitting tensile strength was determined by using Eq. Prism specimens with dimensions of 100 mm × 100 mm × 500 mm were used to perform the test. 199
The test was conducted with some modifications to create stress concentration. Two notches were 200 created around the entire test specimen ( Figure 5 ). The notches were created on the hardened 201 specimens by using an electric saw. Each notch had a depth of 10 mm and a width of 2.5 mm. The of NF-RPC at 28 days was 90 MPa and the ratio of the 7-day compressive strength to the 28-day 212 compressive strength was 88%. It is noted that the ratio of the compressive strength at 7 days to 213 the compressive strength at 28 days of NF-RPC is higher than that of normal strength concrete, 214
which is usually about 66% [30] . Hence, the ratio of the compressive strength at 7 days to the 215 compressive strength at 28 days for the RPC is higher than that of the normal strength concrete by 216 about 33%. This indicates that RPC can be a suitable option for concrete structural members that 217 need high early compressive strengths such as columns on the ground floor of high-rise buildings 218 and footbridges. However, the ratio of the 56-day compressive strength to the 28-day compressive 219 strength of NF-RPC was about 113%, which is the same as the ratio of the 56-day compressive 220 strength to the 28-day compressive strength for the normal strength concrete [30] . 40 GPa and the average modulus of elasticity of HFR-RPC was 39 GPa. It is noted that steel and 268 hybrid (steel+glass) fibres used in this study had a marginal effect on the modulus of elasticity. 269
The average modulus of elasticity of GFR-RPC was 37 GPa. The lower modulus of elasticity for 270 GFR-RPC compared to that of NF-RPC was attributed to the lower compressive strength of GFR-271 RPC. 272 273 3.3 Indirect tensile strength of NF-RPC and FR-RPC 274
The average indirect tensile strength increased by the addition of steel and hybrid fibres from 7.6 275 MPa for NF-RPC to 9.9 MPa for SFR-RPC and 9.1 MPa for HFR-RPC ( Table 2 ). The average 276 indirect tensile strength of GFR-RPC decreased compared to that of NF-RPC. The average indirect 277 tensile strength of GFR-RPC was found to be 5.7 MPa ( Table 2 ). The lower indirect tensile strength 278 for GFR-RPC compared to that of NF-RPC could be explained by the failure type of fibre 279 reinforced concrete composite. Failure of fibre reinforced concrete composite occurred by either 280 the slippage or breaking of fibres based on the generated bond between the matrix material and 281 fibres [33] . In this study, the tensile failure can be associated with the slippage of fibres due to the 282 weak bond of the glass fibres with RPC matrix. This was probably due to the insufficient chemical 283 treatment of fibre surface, which was required to make the surface texture structurally suitable to 284 resist the high tensile stresses within the RPC matrix. Typical failure modes for the SFR-RPC, 285 GFR-RPC and HFR-RPC under splitting tensile test are shown in Fig. 11 . 286 287
Direct shear strength of NF-RPC and FR-RPC 288
The direct shear test was conducted with some modifications of the recommendations in JSCE 289 SF6-1999 [29] . Two notches around the test specimens were formed to induce double shear failure. 290
However, all the RPC test specimens failed under direct shear load in one side only. This is 291 probably because the specimens were not restrained at the supports. Hence, the shear strength was 292 calculated according to Eq. produced by the addition of glass or steel-glass hybrid fibres. The GFR-RPC and HFR-RPC can 314 be considered as alternatives of SFR-RPC when the use of only steel fibres in the RPC mix is not 315 desirable (e.g., structural RPC members exposed to corrosive environment). This study also 316
showed that the addition of fibres (steel, glass and steel-glass) in the RPC matrix could increase 317 the shear strength significantly. 318
Conclusions 319
An experimental program was conducted to investigate the influence of steel, glass and steel-glass 320 hybrid fibres on the compressive strength, modulus of elasticity, indirect tensile strength and shear 321 strength of RPC. Based on the experimental results of this study, the following conclusions can be 322 drawn. 323
1. The ratio of the compressive strength at 7 days to the compressive strengths at 28 days for NF-324 RPC was 88%. The ratio of compressive strength at 56 days to the compressive strengths at 28 325 days for NF-RPC was 113%. The ratio of compressive strength at 7 days to the compressive 326 strengths at 28 days for NF-RPC was found to be about 33% higher than that of normal strength 327 concrete. The ratio of compressive strength at 56 days to the compressive strengths at 28 days 328 for NF-RPC was found to be similar to that of normal strength concrete. The addition of 1.5% 329 by volume of steel fibres in the RPC increased the average compressive strength by 6.6%, while 330 the addition of 1.5% by volume of the glass and the hybrid (steel plus glass) fibres in the RPC 331 decreased the average compressive strength by 10% and 5.5%, respectively, compared to the 332 average compressive strength of NF-RPC. 333 2. The average modulus of elasticity of NF-RPC was 39 GPa. The SFR-RPC achieved average 334 modulus of elasticity marginally higher than that of NF-RPC, and HFR-RPC achieved average 335 modulus of elasticity equals to that of NF-RPC. In contrast, the average modulus of elasticity 336 for GFR-RPC was 5% lower than the modulus of elasticity for NF-RPC. 337 3. Average splitting tensile strength of NF-RPC increased by about 30% and 20% with the 338 addition of the steel and hybrid steel-glass fibres, respectively. However, the average splitting 339 tensile strength of NF-RPC decreased by 25% after the addition of the glass fibres. Table 1 Properties of steel and glass fibres 448 
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